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The Hypocrea jecorina LXR1 was described as the ﬁrst fungal L-xylulose reductase responsible for
NADPH dependent reduction of L-xylulose to xylitol in L-arabinose catabolism. Phylogenetic analysis
now reveals that LXR1 forms a clade with fungal D-mannitol 2-dehydrogenases. Lxr1 and the orthol-
ogous Aspergillus niger mtdA are not induced by L-arabinose but expressed at low levels during
growth on different carbon sources. Deletion of lxr1 does not affect growth on L-arabinose and L-
xylulose reductase activity remains unaltered whereas D-mannitol 2-dehydrogenase activities are
reduced. We conclude that LXR1 is a D-mannitol 2-dehydrogenase and that a true LXR1 is still await-
ing discovery.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Fungi posses different metabolic pathways for the conversion of
carbohydrates that are absent in other microorganisms. Examples
of such fungal speciﬁc pathways are L-arabinose catabolism and
D-mannitol metabolism (Fig. 1). Although both pathways are wide-
spread over the fungal kingdom and of importance for the fungal
lifestyle, they still await full elucidation. One reason for this is
the fact that these pathways are not found in the model fungus
Saccharomyces cerevisiae and received therefore less attention [1].
L-Arabinose is an abundant pentose found in different carbohy-
drate polymers of the plant cell wall [2]. Its degradation is there-
fore important for the cycling of carbon in our biosphere and has
an impact on biotechnological processes which use plant materials
as renewable carbon source for the production of e.g. biofuels. To
ensure complete degradation of this pentose, the genes of the fun-
gal L-arabinose catabolizing pathway were introduced in S. cerevi-
siae. This included the cloning of the ﬁrst fungal gene encoding an
L-xylulose reductase (LXR1) from the ascomycete Hypocrea jecorina
(syn.: Trichoderma reesei) which together with other L-arabinose
pathway genes enabled this S. cerevisiae strain to grow on L-arabi-
nose [3]. A comparison of the amino acid sequence of the H. jecori-
na LXR1 to other proteins showed that highest similarity waschemical Societies. Published by E
B. Seiboth).found to the Agaricus bisporus D-mannitol 2-dehydrogenase. The
amino acid similarity was also reﬂected by its enzymatic proper-
ties: The enzyme catalyzed the NADPH/NADP+ speciﬁc reactions
for L-xylulose/xylitol but also for D-fructose/D-mannitol, which is
the typical substrate pair for D-mannitol 2-dehydrogenases
(MDH). The polyol D-mannitol accumulates intracellularly to high
levels in many fungal species and originally, a fungal D-mannitol
cycle for NADPH regeneration was proposed [4]. However, recent
genetic evidence suggests that a D-mannitol cycle does not exist
and challenged also the proposed roles of D-mannitol in fungi [1,5].
The aim of the present study was therefore to assess the phys-
iological role of the H. jecorina LXR1 in fungal L-arabinose catabo-
lism and D-mannitol metabolism.2. Materials and methods
2.1. Strains and culture conditions
H. jecorina QM9414 (ATCC 26921) was maintained on potato
dextrose agar. Strains were grown in 1 l Erlenmeyer ﬂasks on a ro-
tary shaker (250 rpm) at 28 C in 250 ml medium [6] with the
respective carbon source (1% w/v). For transfer cultures mycelia
were transferred after 22 h of pregrowth on glycerol to ﬂasks con-
taining the indicated carbon source. Aspergillus niger strains N402
(cspA1) [7] and NW321 (cspA1, fwnA6, leuA1, araA4) [8] are both de-
rived from A. niger N400 (CBS120.49). Transfer experiments werelsevier B.V. All rights reserved.
Fig. 1. Fungal L-arabinose catabolism and D-mannitol metabolism.
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(Promega) was used for plasmid propagation.
For growth tests plates were inoculated with a small piece of
agar in the centre. In submerged cultures, the increase in dry bio-
mass was recorded by washing mycelial samples and drying them
to constant weight at 80 C.
2.2. Plasmid constructions and H. jecorina transformation
For the lxr1 deletion cassette the upstream region of lxr1 was
ampliﬁed using the primers lxrXba 50-CAATGTTCTAGAGCATATT-
GACC-30 and lxrHind 50-GATGGGCGAAGCTTAGGATG-30. The XbaI/
HindIII restricted amplicon was ligated with the HindIII/XhoI re-
stricted hph expression cassette [9] into a XbaI/XhoI restricted
pBluescript SK(+) (Stratagene). The downstream region was ampli-
ﬁed with the primers lxrXho 50-CACTACTCGAGAAAGAAATAATG-30
and lxrAcc65 50-CATTAGAGCGGTACCTCTTCC-30 and introduced via
XhoI/Acc65I. From the resulting vector the 5.9 kb XbaI/Acc65I frag-
ment was used in fungal transformations [9].
2.3. Nucleic acid isolation and hybridization
DNA and RNA extraction, electrophoresis, blotting and hybrid-
ization of nucleic acids with random primed probes was described
previously [10,11]. Probes were a 1.6 kb lxr1 upstream region frag-
ment, a 900 bp lxr1 amplicon containing the coding region
(LXRgexfw 50-CATCGGGATCCATGCCTCAGCCTGTC-30 and LXRgexrv
50-CATTGAATTCTTATCGTGTAGTGTAACCT-30) and a 300 bp 18S
rRNA fragment [12]. Transcript analysis and probes for A. niger
were described [8,13,14].
2.4. Phylogenetic analysis
Protein sequenceswere alignedwith CLUSTALX 1.8 [15], visually
adjusted using GENEDOC 2.6 [16] and phylogenetically analyzed inMEGA 2.1 [17] using Neighbour Joining as a distance algorithmic
method. Stability of clades was evaluated by 1000 bootstrap rear-
rangements. Bootstrap values lower than 50% are not displayed.
2.5. Enzyme assays and mannitol determination
Cell-free extracts were prepared as described [12]. For enzyme
activities the rate of change in absorbance at 340 nm for NAD(P)H
oxidation or NAD(P)+ reduction at 30 C was determined. D-Manni-
tol assays consisted of 100 mM Tris–HCl (pH 9.0), 0.5 mM MgCl2,
2 mMNAD(P)+ and 100 lg cell free extract andwere started by add-
ing D-mannitol (ﬁnal conc. 100 mM). D-Fructose (L-xylulose) reduc-
tion was measured in 100 mMHEPES–NaOH (pH 7.0), 2 mMMgCl2,
0.2 mMNAD(P)H and 100 lg cell free extract and started by adding
the sugar (ﬁnal conc. 250 mM [100 mM]). Activities are expressed
as nkat and are given as speciﬁc activities (nkat/mg protein).
D-Mannitol was determined by HPLC using a Biorad Aminex
HPX-87H Ion Exclusion column. The sugars were separated under
isocratic conditions with 10 mM sulfuric acid at a ﬂow rate of
0.5 ml/min and 40 C. A range of single sugar standards were run
before the analysis.
2.6. Microscopical analysis
Samples were examined by using differential interference con-
trast optics on an inverted Nikon TE2000 microscope and imaged
with a Nikon DXM1200F digital camera.
3. Results
3.1. Phylogeny of putative D-mannitol dehydrogenases and L-xylulose
reductases
A BLASTP search with the H. jecorina LXR1 as query against the
NCBI database revealed that it has about equally similar sequence
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are either annotated as LXRs or MDHs. For most of these proteins a
functional characterization is not available and we therefore as-
sume that they were simply annotated according to their similarity
as either LXRs or MDHs.
The phylogenetic relationship of this group showed that the dif-
ferent LXRs and MDHs group closely together (Fig. 2). This analysis
also demonstrates that all of these proteins are orthologous with
the exception of Penicillium chrysogenum where two proteins are
found. Gene duplication might have been one possible explanation
since the resulting paralogous often evolve new functions after
their duplication.
3.2. Regulation of lxr1/mtdA transcription by carbon sources
Transcript proﬁling on a variety of carbon sources showed that
low levels of transcripts of H. jecorina lxr1 were found on all tested
carbon sources only after long exposure times (Fig 3A), but – in
contrast to what would be typical for a gene involved in the L-arab-
inose pathway – no enhanced transcript levels were observed dur-
ing growth on L-arabinose or L-arabitol. Notably, we also were not
able to ﬁnd higher transcript levels on D-mannitol as carbon
source.Fig. 2. Phylogeny of putative L-xylulose reductases and D-mannitol dehydrogenases. Phy
indicate the bootstrap value. The bar marker indicates the genetic distance, which is prop
given in brackets.
Fig. 3. Northern analysis of H. jecorina lxr1 after 6 h (A) and A. niger mtdA after 2 h (B) foll
The mtdA transcript proﬁle is compared to the L-arabinose pathway gene ladA as reportIn A. niger, regulatory mutants for the L-arabinose pathway have
been described and it was demonstrated that genes encoding L-
arabitol dehydrogenase and xylulokinase have reduced or absent
transcript levels in these mutants during growth on L-arabinose
or L-arabitol [8,14]. We therefore included a transcriptional analy-
sis of the orthologous A. niger mtdA. Similarly, it exhibits low
expression levels on L-arabinose and L-arabitol which were not af-
fected in the araA mutant (Fig. 3B).
3.2. Loss of lxr1 does not inﬂuence L-arabinose catabolism but affects
D-mannitol 2-dehydrogenase activities
The role of lxr1 was investigated by targeted gene deletion.
Thereby the coding region of lxr1 was replaced by a hygromycin
B expression cassette. About 10% of the H. jecorina transformants
were deleted in lxr1 (Fig. 4A). All of these Dlxr1 strains grew nor-
mally on all carbon sources tested including L-arabinose and L-
arabitol but also D-mannitol either on solid (Fig. 4B) or in liquid
medium (data not shown). The absence of growth retardation in
these strains could be due to the possibility that another enzyme
replaces at least partially the function of LXR1 or that the activity
of LXR1 is not a limiting factor in the catabolism of these carbohy-
drates. Therefore we compared the NADPH dependent LXRlogenetic analyses were performed using Neighbour Joining. Numbers below nodes
ortional to the number of amino acid substitutions. GenBank accession numbers are
owing the transfer of pregrown mycelia to new media with different carbon sources.
ed previously [14].
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ties were found in Dlxr1 strains and the parental QM9414
(100 ± 10 nkat/mg). However, there was a signiﬁcant reduction in
NADP+ dependent D-mannitol 2-dehydrogenase activity in the
Dlxr1 strains during growth on different carbon sources (Fig. 4C).
We conclude that lxr1 is not involved in the L-arabinose catabolism
but that it encodes a D-mannitol 2-dehydrogenase which is not
necessary for D-mannitol catabolism.Fig. 4. (A) Southern analysis of Dlxr1 strains. EcoRV digested chromosomal DNA was pr
4.6 kb lxr1 fragment to 6.5 kb. (B) Growth comparison of a Dlxr1 strain to the pare
dehydrogenase activities during growth on different carbon sources after 24 h.
Fig. 5. Comparison of morphology (bars = 10 lm), mannitol levels and NADP+ depende
ﬂask cultivation on D-glucose.3.3. Mannitol metabolism
MDH activity is present in conidiospores of different Aspergilli
and was implicated in mannitol metabolism during germination
[1,5]. We therefore investigated the effect of the lxr1 deletion on
germination (Fig. 5). In QM9414, lxr1 transcript levels were shortly
upregulated during the initial stages of germination (data not
shown) which is reﬂected by an increase in NADP+ dependentobed with a 1.6 kb lxr1 fragment. Deletion of lxr1 led to an increase of the original
ntal QM9414 after 3.5 days. (C) Comparison of NADP+ dependent D-mannitol 2-
nt MDH activity formation during germination in QM9414 and Dlxr1 during shake
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12 h of growth. The high conidial mannitol levels decreased rapidly
in initial stages of germination before they were replenished. Dele-
tion of lxr1 did neither affect the germination process nor the hy-
phal morphology. Although MDH activities were almost not
detectable in Dlxr1 strains, the mannitol levels were comparable
to QM9414 in conidiospores and during the ﬁrst hours of germina-
tion including the initial mannitol catabolism which was followed
by mannitol biosynthesis. Only during later stages mannitol levels
were slightly lower in Dlxr1 strains. Deletion of lxr1 did also not af-
fect the amount of conidiospores produced using either complete
or minimal media (data not shown).
4. Discussion
We provide conclusive evidence that LXR1 is not the L-xylulose
reductase involved in fungal L-arabinose catabolism as previously
claimed [3] but that it is a D-mannitol 2-dehydrogenase. Conse-
quentially, also protein entries in the NCBI database based on se-
quence similarity to H. jecorina LXR1 (conf. Fig. 2) or follow-up
publications [18] should be revised. MDHs belong to the short
chain dehydrogenase/reductase superfamily which have a broad
substrate spectrum [19]. These characteristics make it obviously
impossible to predict a correct functional assignment based on
enzymatic properties only. But which protein is now the true
LXR? Unfortunately, only one further fungal LXR was described
which is NAD+ dependent [22] and NADP+ dependent LXRs are only
known from mammals [20,21]. Therefore further efforts will be
necessary to assess if the true fungal NADP+ dependent LXR is re-
lated to one of these proteins.
From our results and other studies [1,23] the exact physiologi-
cal role of MDHs remains unclear: D-mannitol metabolism occurs
at least via two different routes involving MDH or mannitol 1-
phosphate dehydrogenase (MPD; Fig. 1). In addition to a residual
NADP+ dependent MDH activity in Dlxr1 strains on some carbon
sources, we also found evidence for a NAD+ dependent MDH activ-
ity (unpublished results) which would represent a third option for
D-mannitol metabolism. Genetic evidence from studies in plant
pathogenic fungi suggests that the two different routes can at least
partially compensate for the lack of the other one. Stagonospora
nodorum Dmdh1 strains were signiﬁcantly hindered in their
growth on D-mannitol whereas loss of MPD1 prevented growth
at all. Mpd1 deletion affected conidial mannitol levels and
Dmdh1Dmpd1 strains produced only traces of mannitol. In Alter-
naria alternata growth on D-mannitol was affected in Dmpd1 and
Dmdh1Dmpd1 strains but D-mannitol biosynthesis depended on
both genes. For the saprobe A. niger MPD deﬁcient strains do not
accumulate any mycelial D-mannitol but still produce a third of
the conidial wild-type levels [24] whereas growth on D-mannitol
was not affected. Therefore only a comparison of the respective
single and double deletion strains will give us further clues about
the relevance of LXR1 in D-mannitol metabolism in H. jecorina.
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